Abstract. A seismic refraction transect across the Galicia Bank continental margin shows that the original continental crust thins westward from 17 to 2 km immediately east of a marginparallel peridotitc ridge (PR). Immediately west of the PR, oceanic crust is only 2.5-3.5 km thick, but farther west (oceanward) it thickens to 7 kin. The PR caps a -60-km-wide lensshaped serpentinized peridotire body underlying both thinned continental and thin oceanic crust. When superimposed on a reflection time version of the velocity model, the S reflector is clearly intracrustal at its east end. Westward, S cuts down to lower crustal levels, eventually coinciding with the top of the serpentinized peridotire lens (original crust-mantle boundary). These observations render almost impossible the seafloor exposure of the PR by S acting as a top-to-the-west detachment fault. Numerical models of melting and borehole subsidence information constrain our rifting model. The easternmost continental crust experienced a total stretching factor of 4.3 (most likely in two stages); it probably occurred over --,25 m.y., with the highest rate of stretching at the beginning of the main earlier rift phase (Valangini•,m; 141-135 Ma). The 3 (4.7) km thick continental crust (depending on whether serpentinized peridotire is assigned to crest or mantle), which may include melt products, requires stretching factors of more than 11 (7) and a rift duration of more than 25 (13) m.y. The thin oceanic crest immediately west of the PR is explained by conductive cooling of the mantle during the long prebreakup stretching phase, which temporarily caused reduced melting immediately after breakup.
control points at their intersections with the margin-normal line and an estimate of the likely structure of the upper part of the peridotite ridge, respectively. The modeling strategy follows that outlined by Peirce and Barton [1991] , except that we do not model sedimentary arrivals (P,). Apart from the fact that most P, phases are not visible on the record sections, the determination of precise sediment velocities is not as important in modeling the deep crustal structure as is ensuring that the travel times of ray paths within the sediments are accurate. The revised strategy is thus as follows:
1. First, the travel times and amplitudes of near-offset upper crustal arrivals (Ps) are modeled close to each insmament, and the upper crustal velocity structure is interpolated between DOBSs.
2. Second, the travel times of lower crustal (?g) and upper mantle (P•) phases and, where appropriate, mantle reflections (P,•P) are modeled by altering the velocity structure and geometry down to the Moho until a satisfactory fit is obtained.
3. Finally, after obtaining an acceptable travel time fit for arrivals at all the instruments, the velocity gradients within layers and the velocity contrasts at interfaces are adjusted (keeping the average velocities, and hence the travel times, unchanged), until an acceptable fit is obtained between the synthetic seismograms and the main amplitude features of the data. We concentrate on modeling the first arriving energy and, where appropriate, the mantle reflections and the amplitudes in the vicinity of the Moho trip!ication. In some 
Numerical Models of Melt Generation and Subsidence
The seismic and gravity data discussed above constrain the variation of crustal thickness across the Galicia Bank continental margin, and provides a broad indication of how. the crustal type changes from being moderately thinned continental to fully oceanic. In the following sections we discuss the inferences that can be drawn about the evolution of the rifted margin from the amount of igneous rock that is generated during the rifting and from the subsidence history.
Pure or Simple Shear?
This continental margin is often cited as one where simple shear may play a significant role in the deformation. The primary evidence for this is the presence of the S reflector [ 
Mantle Melting Model
In the extensional models that we use here, we assume that the lithosphere is thinned by bulk pure shear. This is a good approximation in the areas of small extension (landward end of the continental margin) and of very high extension (oceanic crust); since most of the melting occurs in the region of the mantle that rises to shallowest depths immediately beneath the lithospheric lid, it is a reasonable assumption that bulk thinning of the lithosphere is a good approximation in the lower portion of the margin as well. The melting and subsidence model we use here is described [1994] have also considered the effect on melt generation of rifting episodes spread over a long duration, although in their study they modeled the extension as a series of discrete, Subject to the experimental uncertainty discussed earlier, we calculate the crustal thickness from the depth to the Moho (i.e., the depth at which the P wave velocity exceeds 7.6 km s"). However, the inference of crustal rock type from Figures 6   and 7) . Excluding the postrift sediments, the crustal thickness beneath the ODP sites averages 7.5 km.
Assuming pure-shear stretching, the measured 7.5-km crustal thickness can be translated into a stretching factor, provided that the initial prerift crustal thickness is known. The In Figure 10b we show the predicted subsidence curve from a model that allows for a variable rate of rifting during the main rifting phase (141-114 Ma) with the highest rate of stretching in the earlier period between 141 and 135 Ma. Although the backstripped basement depths are sufficiently uncertain to mean that this variable rate stretching model does not produce a significantly betmr fit than the uniform rate stretching model, it i.s in better agreement with the geological constraints mentioned above, and so we suggest that this represents the best subsidence curve for the upper margin. It is also in better agreement with the overall duration of the rifting event of about 25 m.y. inferred from the geology than is the uniform strain rate model for which results are shown in Figure 10a . No melting occurs in this finite-duration stretching model, so no new igneous rocks were added to this portion of the continental margin.
As has been found commonly elsewhere, the stretching factor of 4.3 that we deduce from the crustal thinning in the vicinity of the ODP sites is rather greater than the estimate of about 3 deduced from the geometry of the large tilted fault blocks on this margin [Louden et al., 1991 ] . The discrepancy may be explained by a component of simple shear in the upper, brittle crust and by faulting on minor faults that are not evident on the seismic reflection profiles. In general, as the lithosphere is stretched and thinned, partial melt generated as the underlying mantle decompresses is added to the crust. The combination of' crustal thinning by stretching with crustal thickening by the addition of melt is such that the overall final crustal thickness for any given rifting duration does not change significantly for stretching factors in excess of approximately 10 (Figure 11) . However, for any given stretching factor, the predicted overall crustal thickness is less as the duration of the rifting increases ( Figure  11 ). This is because less melt is generated over longer durations of rifting (Figure 12) To demonstrate the effect of' mantle cooling on melt generation, we show in Figure 12a the predictions of melt thickness from a finite-duration stretching model. We assume a total stretching factor of 50, which is appropriate for melt generation at an oceanic spreading center. The curve at a normal potential temperature of 1300øC shows how less melt is produced as the duration of the rifting increases; for example, 6 km of igneous crust is produced by instantaneous rifting, whereas the observed oceanic crustal thickness of 2.5-3.5 km is produced for 1300øC mantle if the rifting duration is 20-30 m.y. (Figure 12a) . If the mantle potential temperature is below normal, even less melt is produced. For example, if the mantle temperature was 100øC below normal, at 1200øC, even instantaneous melting would produce only 1.3 km of melt. Since even the thinnest oceanic crust we observe is 2.5-3.5 km thick, the temperature would not have been this low. Even a mantle temperature only 50øC below normal, at 1250øC, can produce only 3.3 km of' melt when rifting is instantaneous.
Although there is a trade-off between mantle temperature and rift duration (Figure 12a) , we have chosen to assume that the mantle temperature was normal at 1300øC, and that the reduced melt thickness immediately west of the peridotitc ridge was due to transient mantle cooling as a result of longduration stretching. Our justification for this is that heat flow measurements are normal over this region of' old continental crust (44 mW m '2 [Louden el al., 1991]) and that the generation of thin oceanic crust and deeper than normal basement was only transient, reverting to normal thickness crust as seafloor spreading proceeded.
The model we propose for the formation of thin oceanic crust is one in which the stretching of the continental lithosphere prior to breakup was slow and of long duration (see preceding sections), followed by relatively rapid stretching as the new oceanic crust was generated. The 15-to 20-kin-wide anomalous oceanic crust was formed in about 2 m.y., so in our calculations we allow the main phase of rifting to occur over a variable period of up to 35 m.y., with a postbreakup rifting phase lasting a fixed period of 2 m.y. We assume that any melt generated during the initial slow continental extension was removed from the mantle and emplaced in the continental crust. The melt generated during the subsequent more rapid extension which generated the oceanic crust is shown by the curves in Figure 12b . This provides a way for us to model the mantle cooling resulting from the slow extension prior to the postbreakup onset of seafloor spreading. We show predictions of the melt generated in the postbreakup phase of stretching, which generated the oceanic crust, for initial stretching factors of 10, 12, and 15 (Figure 12b) , which span the probable range of lithospheric stretching factors deduced from the continental crust immediately landward of the peridotire ridge (see preceding section).
For an initial stretching factor of 12 applied over a period of 10-25 m.y., which is appropriate for the stretched continental crust on the landward side of the peridotire ridge (Figure 11) , an oceanic crustal thickness of 2.5-3.5 km is formed (Figure 12b ). Although this model is only an approximation to the real thermal history of the margin, it does show consistently that a stretching duration ot' 10-25 m.y., during the main prebreakup phase of development of the continental rift, can explain the observed subsidence and the lack of melt under the upper continental margin, the thickness of the highly stretched continental crust adjacent to the peridotire ridge, and the reduced thickness of the oldest oceanic crust formed adjacent to the peridotitc ridge. Once a fully developed oceanic basin had opened, cool mantle caused by the transient thermal conditions associated with the slow continental stretching was replaced by normal temperature asthenospheric mantle, and normal thickness oceanic crust was generated at the spreading center.
Conclusions
Our study of the deep structure of the Galicia Ba• rifted continental margin off western Iberia provides seismic velocity and gravity models along a transect of the margin from continental to oceanic crust. These have been integrated with numerical models of melting to explain the seismic
